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Abstract
We derive limits on a class of new physics effects that are naturally present in grand unified
theories based on extended gauge groups, and in particular in E6 and SO(10) models. We
concentrate on i) the effects of the mixing of new neutral gauge bosons with the standard
Z0; ii) the effects of a mixing of the known fermions with new heavy states. We perform
a global analysis including all the LEP data on the Z decay widths and asymmetries
collected until 1993, the SLC measurement of the left–right asymmetry, the measurement
of the W boson mass, various charged current constraints, and the low energy neutral
current experiments. We use a top mass value in the range announced by CDF. We derive
limits on the Z0–Z1 mixing, which are always <∼ 0.01 and are at the level of a few per
mille if some specific model is assumed. Model-dependent theoretical relations between
the mixing and the mass of the new gauge boson in most cases require MZ′ > 1TeV.
Limits on light–heavy fermion mixings are also largely improved with respect to previous
analyses, and are particularly relevant for a class of models that we discuss.
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1 Introduction
The sensitivity of LEP experiments to the direct production of new particles has not
increased significantly with respect to that achieved after the first-year runs. However, the
accumulation of large statistics and the improvements on the systematics now allows not
only to test with much more detail the predictions and consistency of the standard model
(SM), including the virtual effects of the top quark and Higgs boson, but also to improve
considerably the ability to search for (or constrain) some subtle indirect manifestations
of new physics beyond the SM.
Among these last ones, the implications of the combined LEP measurements up to
1993 are of particular importance for new neutral gauge bosons that could mix with the
standard Z0 (so that the Z boson mass eigenstate has a small component with non-
standard couplings) and also for heavy fermions mixed with the known ones. In fact if
the new fermions have non-canonical SU(2) × U(1) quantum numbers (e.g. left-handed
singlets or right-handed doublets) they modify the couplings of the electroweak gauge
bosons with the light particles.
These new kinds of physics are a common feature of many GUT theories, such as
SO(10) and E6. The search for the tiny effects mentioned above then allows us to look
indirectly for the new states predicted by these models, even if their direct production is
unaccessible at the energies achievable with present colliders. Global constraints on these
effects have been regularly performed in the past using the available electroweak data,
[1]–[5]. In this paper we show that the inclusion of LEP and SLC data up to 1993 allows
a significant improvement of the constraints on the deviations of the fermion couplings
with respect to their SM values and hence strengthen the bounds on the above-mentioned
mixings, in some cases even by an order of magnitude. The value of the top quark mass
recently announced by the CDF collaboration [6], mt = 174 ± 10+13−12, is also relevant for
this analysis, since some bounds (such as those on Z0 mixing with an additional gauge
boson or those on the mixing of the b quark) are correlated with it.
Finally we briefly discuss whether it is possible that new physics effects of the kind
discussed here could account for the deviation from the SM expectations of some measure-
ments, such as ΓLEPb , A
SLC
LR and A
FB
τ . We can anticipate that we find essentially negative
results.
2 Z0–Z1 mixing
The formalism describing the mixing of the standard neutral Z0 boson of the electroweak
gauge group GSM = SU(2) × U(1) with a new Z1 associated with an extra U ′(1) factor
has been discussed at length in the past [4, 5]. Here we just recall a few relevant points.
In order to span a wide range of Z ′ models, we will as usual take the U ′(1) as a
combination of the two additional Abelian factors in the decomposition E6 → SO(10)×
1
U(1)ψ → SU(5) × U(1)χ × U(1)ψ, where GSM is assumed to be embedded in the SU(5)
factor. We hence parametrize the new gauge boson as
Z1 = sβZψ + cβZχ, (1)
where sβ ≡ sin β, cβ ≡ cos β. We will present results for the most commonly considered
χ, ψ and η models, corresponding respectively to sβ = 0, 1 and −
√
5/8.
A mixing between Z0 and Z1 leads us to the two mass eigenstates(
Z
Z ′
)
=
(
cφ sφ
−sφ cφ
)(
Z0
Z1
)
. (2)
Although one may consider φ as being a free parameter, one should remember that
in any given model one generally has φ ≃ CM2Z/M2Z′, where C ∼ O(1) is fixed once the
vacuum expectation values (VEVs) of the Higgs fields giving masses to the gauge bosons
are specified. This theoretical relation between MZ′ and φ has the important implication
that the very stringent constraints on the mixing angle φ obtained by LEP at the Z-pole
(see below) induce, once a model fixing C is assumed, an indirect bound on MZ′ typically
much stronger (MZ′ >∼ 1 TeV) than those arising from direct Z ′ searches at the Tevatron
(MZ′ >∼ 450 GeV for 25 pb−1 of integrated luminosity [8]) or those resulting from the
effects of Z ′ exchange on low-energy neutral current experiments (MZ′ ≥ 200− 300 GeV)
[4, 5, 8]. In view of these bounds we will neglect in the following Z ′ exchange and Z–Z ′
interference effects in the neutral current (NC) processes, and we will only consider the
modifications of the Z couplings to fermions induced by the small admixture with the Z1.
Due to the Z0–Z1 mixing, the vector and axial-vector fermion couplings appearing in
the NC JµZ = Ψ¯
f(vf + afγ5)γµΨ
f , which couples to the physical Z boson, read1
vf = cφv
f
0 + sφsW v
f
1 , (3)
af = −sφaf0 + cφsWaf1 . (4)
Within the SM, and including radiative corrections, one has
vf0 =
√
ρf [t3(fL)− 2Qf sin2 θfeff ] , af0 =
√
ρf t3(fL), (5)
where sin2 θfeff and the ρf factors have been evaluated by means of the ZFITTER code
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[7], as functions of the input parameters mt, αs(MZ) and mH . The Z1 couplings v1 and
a1 depend on the assumed U
′(1) model (i.e. on sβ) and can be found in refs. [4, 5].
The effects of the SM radiative correction induced by the mixings with the new particles,
as well as the radiative effects of new physics, are expected to be small and have been
neglected. A more detailed justification of this assumption can be found in [4].
Since we are neglecting Z ′ propagator effects, the only quantity in which the Z ′ mass
appears explicitly is ρmix = 1 + (M
2
Z′/M
2
Z − 1)s2φ. This term affects the SU(2) gauge
coupling deduced using as numerical inputs GF , α and the value ofMZ measured at LEP,
thus modifying both the overall strengths ρf and the sin
2 θfeff factors. Since the effects
1The sine of the weak mixing angle sW appears due to the normalization of the U
′(1) coupling [4].
2We thank D. Bardin for providing us with the 1994 updated version of the program.
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of ρmix in the LEP observables are crucial to constrain the mixing φ, the limits on the
Z0–Z1 mixture will depend on the Z
′ mass, generally improving with larger MZ′ values.
A second remark is that ρmix enters as a multiplicative factor in the effective ρ pa-
rameter. Then the combined appearance of ρmix · ρtop, with ρtop ≃ 1 + 3GFm
2
t
8
√
2pi2
, induces
a strong correlation between the gauge boson mixing and the top mass. Hence the top
mass measurement by CDF [6] turns out to be relevant to establish precise bounds on the
mixing angle φ.
3 Fermion mixing
A mixture of the known fermions with new heavy states can in general induce both flavour
changing (FC) and non-universal flavour diagonal vertices among the light states. The
first ones are severely constrained (for most of the charged fermions) by the limits on
rare processes [9]. Here we aim to constrain the second ones by means of the large set of
precise electroweak data.
Due to the extremely tight constraints on the FC mixings [9], neglecting them will
not affect our numerical analysis on the flavour diagonal ones, since in general the limits
on the latter ones turn out to be larger by some orders of magnitude. From a theoretical
point of view, the absence of FC parameters in the formalism that we will outline here is
equivalent to the assumption that different light mass eigenstates have no mixtures with
the same new state [1].
The couplings of the light charged fermions can then be described with just two pa-
rameters for each flavour: (sfα)
2 ≡ sin2 θfα, α = L,R, which account for the mixing with
exotic states (i.e. having non-canonical SU(2) × U(1) quantum numbers) of each of the
two fermion chiralities. Since the mixing always involves states of equal electric charges,
only the piece proportional to the weak isospin t3(f) in (5) is affected by the fermionic
mixing. In particular, the chiral couplings ǫfL,R = (v
f ± af )/2 are modified according to
(see eq. 2.15 of ref. [4])
ǫfα = t3(fα)−Qf sin2 θfeff +
[
t3(f
N
α )− t3(fα)
]
(sfα)
2 , α = L,R , (6)
where t3(f
N
α ) is the isospin of the new state f
N that mixes with the known state f .
(For notational simplicity we omit hereafter the
√
ρf factors in the expressions for the
couplings.) Eq. (6) shows that when a doublet state is mixed with a singlet, the isospin-
dependent part of the coupling is reduced by a factor (cfL)
2, while the mixing of a singlet
(t3(fR) = 0) with a new exotic doublet (t3(f
N
R ) = ±1/2) induces a coupling proportional
to t3(f
N
R )(s
f
R)
2. Clearly, a mixing between states of the same isospin does not affect the
overall electroweak couplings. Here we will only consider mixings with new states that are
either exotic singlets or exotic doublets, i.e. t3(f
N
L ) = t3(fR) = 0 and t3(f
N
R ) = t3(fL) =
±1/2. Then, in the absence of extra new gauge bosons, we have
vf = t3(fL)[1− (sfL)2 + (sfR)2]− 2Qf sin2 θfeff (7)
af = t3(fL)[1− (sfL)2 − (sfR)2]. (8)
The mixing among the neutral fermionic states is not so simple, both because of the lack
of strong evidence against FCNC among neutrinos and because of the possible existence
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of more than one type of exotic states (singlets, exotic doublets with t3(NL) = −1/2, etc.
[1, 10]). However, after summing over the undetected final neutrinos and neglecting O(s4)
terms, the different NC observables can be obtained by replacing the neutrino couplings
in the SM expressions by effective couplings, which depend on just one mixing angle for
each flavour:
vνi = aνi =
1
2
− Λi
4
(sνiL )
2. (9)
The additional parameter Λ describes the type of state involved in the mixing and, for
instance, for a mixing with new ordinary, singlet or exotic doublet neutrinos we have
Λ = 0, 2 or 4 respectively.
An important indirect effect of the presence of new fermions is to alter the prediction
for µ decay, in such a way that the effective µ-decay constant Gµ = 1.16637(2) × 10−5
GeV−2 is related to the fundamental coupling GF through the fermion mixing angles [1, 2],
Gµ = GF c
e
Lc
µ
Lc
νe
L c
νµ
L . (10)
As a consequence, all the observables that depend on the strength of the weak interactions
GF are affected by the mixing angles θ
e
L, θ
µ
L, θ
νe
L and θ
νµ
L . This is the case, for instance,
for the W boson mass, for the effective couplings of the fermions with the Z boson, and
for the Cabibbo–Kobayashi–Maskawa (CKM) matrix elements [1, 2].
The complete formalism describing fermion mixings and also the simultaneous presence
of Z0–Z1 mixing is given in ref. [4].
4 Theoretical expectations for the fermion mixings
As regards the theoretical expectations for the mixing of the known fermions with new
heavy states, there is no exact model-independent relation between the masses of the heavy
partners and the corresponding mixings. However, in the framework of some classes of
models, it is still possible to make some general statements and/or work out some order-
of-magnitude estimates for the mixings.
For the charged states, the L (or R) mixing angles result from the diagonalization of
the N ×N symmetric squared mass matrix for the known and the new statesMM† ( or
M†M ). We know that the relevant eigenvalues must satisfy the hierarchym2light ≪ m2heavy
(with mheavy >∼ 100 GeV), and we can outline two main mechanisms that would naturally
produce such a pattern for the light and heavy masses.
a) See-saw models
In these models the general form of the squared mass matrix is
MM† ∼
(
δ2 d2
d2 σ2
)
, (11)
with δ, d ≪ σ. If δ ∼ d, as is the case if both these entries are generated by VEVs
of standard Higgs doublets, we expect for the mass eigenvalues mlight ∼ δ, mheavy ∼
σ, and sL,R ∼ d2/σ2 ∼ m2light/m2heavy. A different scenario appears when δ <∼ d2/σ,
for which mlight ∼ d2/σ, mheavy ∼ σ, and sL,R ∼ d2/σ2 ∼ mlight/mheavy. Assuming
mheavy >∼ 100GeV, we see that in the Dirac see-saw case the expectations for the mixings
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are quite small. In the most favourable case of the bottom quark mixing, it can be as
large as (sbL,R)
2 ∼ 2×10−3, which turns out to be at the limit of the present experimental
sensitivity.
b) Quasi-degenerate mass matrices
It can happen that, as a consequence of some symmetries, in first approximation the light–
heavy fermion mass matrices are degenerate. This implies that even if all the entries in the
mass matrices are large, some states (corresponding to the light fermions) are massless,
and would acquire tiny masses due to small flavour-dependent perturbations. To give a
simple example of this mechanism, let us introduce a vector-like singlet of new fermions
FL and FR, of the same charge and colour quantum numbers as those of the fL component
of a standard electroweak doublet, and of the corresponding electroweak singlet fR. The
general mass term reads
Lmass = λ0FLFRS + λ1FLfRS + γ0fLFRD + γ1fLfRD, (12)
where S and D are respectively a singlet and a doublet VEV. Let us also assume that
because of some symmetries, in first approximation λ0 ≃ λ1 and γ0 ≃ γ1, and let us
absorb these Yukawas in the D and S VEVs. Then, the light–heavy mass matrix squared
that determines the ordinary–exotic L mixing angle reads
MM† ∼ 2
(
D2 DS
DS S2
)
, (13)
and is clearly degenerate, implying mlight ≃ 0 up to perturbations. At the same time, the
ordinary–exotic L mixings are expected to be large, and could even be close to maximal.
The expectations for the neutral sector were described in [10], where it was shown that a
similar mechanism can also generate large light–heavy mixings even for massless neutrinos.
Clearly, in contrast to the see-saw case, models of this kind can be effectively con-
strained by analysing the most precise electroweak data, and in fact the tight bounds
that we will derive for some mixings tend to disfavour this mechanism for the generation
of the known fermion masses.
5 Experimental constraints
Within the SM, the precise electroweak experiments allow to constrain the values of the
input parameters mt, αs(MZ) and mH , and an overall satisfactory agreement is found
whith the predictions for a heavy top mass [17], compatible with the range obtained by
CDF. For instance, for mt = 170 GeV, αs = 0.12 and keeping hereafter the Higgs mass
fixed at mH = 250 GeV, for most observables the measured value is actually very close
to the theoretical predictions, making the total χ2 per degree of freedom reasonably low
(< 2). However, there are a few exceptions for which recent data show some noticeable
disagreement with respect to the SM expectations. A well-known case is the SLC mea-
surement of the left–right polarized asymmetry ALR [11] (χ
2 ∼ 10 for the above mentioned
choice of input parameters). Some LEP results also show sizeable deviations. This is the
case for the ratio of the Z width into b quarks to the total hadronic width, Rb ≡ Γb/Γh
(χ2 ∼ 4.5), and for the τ forward–backward asymmetry AFBτ (χ2 ∼ 7) [12]. (Clearly the
actual value of the χ2 function depends on the values adopted for the input parameters.)
5
For our analysis we have used the CC constraints on lepton universality and on CKM
unitarity, the W mass measurement, as well as the NC constraints from the LEP and
SLC measurements at the Z peak.
The best test of e–µ universality comes from π → eν compared to π → µν. The ratio
of the electron to the muon couplings to the W boson, extracted from the TRIUMF [13]
and PSI [14] measurements, is (ge/gµ)
2 = 0.9966± 0.0030 [10].
Universality among the µ and τ leptons is tested by the τ leptonic decays compared
to µ decay, giving (gτ/gµ)
2 = 0.989± 0.016 [15]. A second test comes from τ → π(K)ντ ,
which gives (gτ/gµ)
2 = 1.051 ± 0.029 [15]; this is almost 2σ off the SM, and hardly
compatible with the above determination from τ decays. The use of this determination
affects mainly our bounds for the mixing of the τ neutrino with new ordinary states, as
discussed in Ref. [10].
For the test of the unitarity of the first row of the CKM matrix, we use the determi-
nation
∑3
i=1 |Vui|2 = 0.9992±0.0014 of Ref. [16], and for the W mass we take the average
MW = 80.23± 0.18 [17] of the CDF and UA2 experimental values.
For the Z-peak data, we have included the measurements of the total Z width ΓZ , the
hadronic peak cross section σ0h, the ratios Re, Rµ, Rτ of the total hadronic width to the
flavour-dependent leptonic ones, the bottom and charm ratios Rb and Rc and forward–
backward asymmetries AFBb and A
FB
c , and the leptonic unpolarized asymmetries A
FB
e ,
AFBµ and A
FB
τ . All the data up to 1993 as well as all the relevant experimental correlations
given in Ref. [12] have been taken into account in our analysis. We also include in our set
of constraints the measurements of the left–right polarization asymmetry at SLC, ALR =
0.1637 ± 0.0075 [11], and the measurement of the “theoretically equivalent” quantity
A0e =
2aeve
a2e+v
2
e
= 0.120 ± 0.012 which has been inferred by the LEP collaborations from
the angular distribution of the τ decay products [12]. These two different determinations
of the same theoretical quantity are both more than 2σ off the SM value (A0e = 0.1419
for our set of input parameters) and are in even more serious conflict between them,
possibly indicating some problem in the analysis of the experimental data or an unlucky
fluctuation.
We always use values for the observables that are extracted from the data without
assuming universality, which is expected to be violated by the fermion mixings in the
models we are considering. It is interesting to notice that, while the experimental lep-
tonic partial width of the Z boson are in good agreement with the hypothesis of univer-
sality, some hint of a discrepancy may be present in the fitted flavour-dependent forward–
backward asymmetries, which are AFBe = 0.0158 ± 0.0035, AFBµ = 0.0144 ± 0.0021 and
AFBτ = 0.0221± 0.0027 [12, 17].
Finally, we have also included in our data set the (updated) low-energy NC constraints
(deep inelastic ν scattering and atomic parity violation). Although less effective than the
Z peak data for constraining the kind of physics we are considering, they turn out to be
relevant for our analysis in the case of the ‘joint’ fits to be discussed below.
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6 Results
After constructing a χ2 function with all the experimental measurements discussed in
the previous section, we have derived bounds on the mixing parameters by means of the
MINUIT package.
Regarding the gauge boson mixing φ, we give for the unconstrained models (e.g. with
MZ′ independent of φ) conservative bounds obtained letting the Z
′ mass to take values
in the range MZ′ > 500 GeV and taking the extreme values φ± that remain allowed at
90% c.l.. In this way we obtain
−0.0056 < φ < 0.0055 (ψ model)
− 0.0087 < φ < 0.0075 (η model) (14)
−0.0032 < φ < 0.0031 (χ model)
These results have been obtained chosing for the input parameters the values mt = 170
GeV, mH = 250 GeV and αs = 0.12, which provide a good agreement between the
experimental observables and the SM predictions (corresponding to vanishing Z-Z ′ and
fermion mixings). Since the bounds on φ depend on the choice of input parameters, we
show in Table 1 how the constraints are modified for mt = 150 and 200 GeV and for
αs = 0.11, 0.12 and 0.13
3. It is apparent that the bounds become tighter for increasing
mt. This can be easily traced back to the fact that larger (absolute) values of φ and of mt
both tend to increase the value of the effective ρ parameter ∼ ρmix · ρtop. For this reason
the CDF lower limit on mt is relevant for constraining φ. On the other hand, in the
models considered here, increasing values of αs lead to a shift towards negative φ values
of the allowed region.
The previous bounds get also somewhat relaxed if one allows for the simultaneous
presence of the fermion mixings, which can produce compensating effects. In this case,
keeping from now on the same choice (mt = 170 GeV, mH = 250 GeV, αs = 0.12) for the
input parameters, we get the 90% c.l. constraints
−0.0066 < φ < 0.0071 (ψ model),
− 0.0087 < φ < 0.010 (η model), (15)
−0.0032 < φ < 0.0079 (χ model).
In contrast, tighter bounds result if one considers constrained models, that is assuming
a relation between the gauge boson mixing and MZ′ of the form φ ≃ CM2Z/M2Z′, where
C can be evaluated once the Higgs sector is specified. In this case the bounds on φ
translate also into indirect constraints on MZ′. The following results have been derived
by assuming for each model a minimal Higgs content and the absence of singlet VEVs. For
the ψ model, denoting by σ ≡ (vu/vd)2 the square of the ratio of the scalar VEVs giving
masses respectively to the u and d-type quarks, we have C = −
√
10
3
sW
σ−1
σ+1
. For σ → ∞
we obtain 0 ≥ φ > −0.0042, which implies the indirect constraint MZ′ > 1.0 TeV, while,
for instance, for σ = 2 we obtain 0 ≥ φ > −0.0052, corresponding toMZ′ > 0.52 TeV. For
3For a detailed discussion of the mt (and mH) dependence, see the last two references in [5].
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Table 1: 90% c.l. lower (φ−) and upper (φ+) bounds on the the Z−Z ′ mixing angle φ, in
units of 10−2, for the ψ, η and χ models. The limits correspond to different values of the
top mass mt and the strong coupling constant αs, with the Higgs mass fixed to mH = 250
GeV. They have been obtained by chosing the most conservative values as MZ′ is allowed
to vary from ∼ 500 GeV to infinity.
mt [GeV] αs E6 model φ− [10−2] φ+ [10−2]
150 0.11 ψ 0 1.1
η 0 1.3
χ 0 0.75
0.12 ψ 0 0.81
η 0 1.0
χ -0.31 0.43
0.13 ψ -1.0 0
η -1.0 0
χ -0.70 0
200 0.11 ψ -0.03 0.57
η -0.19 0.60
χ 0 0.48
0.12 ψ -0.28 0.32
η -0.33 0.39
χ -0.18 0.25
0.13 ψ -0.43 0.11
η -0.38 0.23
χ -0.38 0.06
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the η model (C = 4
3
sW
σ−1/4
σ+1
) the bound for σ →∞ is 0 ≤ φ < 0.0035, implyingMZ′ > 1.2
TeV, while for σ = 2 we obtain 0 ≤ φ < 0.0054, implying MZ′ > 0.76 TeV. We recall that
the Zχ of the χ model is equivalent to the Z
′ present in SO(10), being the two models
different only with respect to the fermion and scalar representations. For the minimal
Higgs content of SO(10) (C = sW
√
2/3 [18]) we obtain the constraint 0 ≤ φ < 0.0028,
which implies MZ′ > 1.2 TeV for a Z
′ from SO(10).
Turning now to the fermion mixings, we have listed in table 2 the updated 90% c.l.
bounds obtained by allowing just one mixing to be present (single bounds) or allowing
for the simultaneous presence of all types of fermion mixings (joint bounds). In the last
case the constraints are generally relaxed due to possible accidental cancellations among
different mixings. The bounds on the fermion mixings that can appear in E6 models are
given in the third column. In this case we have also allowed for the presence of mixing
among the gauge bosons, which somewhat relaxes the limits. We present the results
obtained in the χ model with the Z0–Zχ mixing as an additional free parameter.
The constraints we have listed in table 2 correspond to the particular value Λ = 2.
However we stress that only the bound on sντL depends significantly on the adopted value
of Λ, since the νe and νµ mixings are mainly constrained by CC observables, which do not
depend on this parameter. The LEP data alone already imply (sντL )
2 < 0.002/Λτ , which,
due to the improvement in the determination of the invisible width, is significantly better
than what obtained in previous analyses. For Λτ ≃ 0 the constraint on sντL arises from
CC observables and can be found in ref. [10].
The results in table 2 were obtained for the reference values mt = 170 GeV and
αs = 0.12. Allowing mt to vary in the range 150 to 200 GeV does not affect significantly
the constraints on the fermion mixings. In contrast, increasing αs up to αs = 0.13 worsens
the limits on some of the hadronic mixings up to a factor ∼ 2.
Besides strengthening the bounds on the new physics, one may also wonder whether it
could be possible to account for some of the deviations with respect to the SM predictions
that we have mentioned previously, by means of the new physics effects that we have
been discussing here. Regarding the ∼ 2σ excess reported in the measurement of Rb,
the observed deviation (Γexpb > Γ
SM
b ) has the opposite sign than the one resulting from a
mixing of the bottom quark with exotic states. In fact, since Γb ∝ v2b + a2b , at O(s2L,R) we
have
Γb
ΓSMb
≃ 1 + (sbL)2
vb0 + a
b
0
(vb0)
2 + (ab0)
2
+ (sbR)
2 a
b
0 − vb0
(vb0)
2 + (ab0)
2
≃ 1− 2.2(sbL)2 − 0.2(sbR)2. (16)
Hence, non-vanishing values for both sbR and s
b
L have the effects of reducing Γb, thus
increasing the disagreement with the measurements. Of course this behaviour is in part
responsible for the drastic improvement in the constraints on the b mixing angles. In
addition, due to the effect of the top mass on the Zbb vertex corrections, the constraint
arising from Rb slightly improves with larger mt (the measured Rb favours a lower mt
value).
In the case of the different leptonic asymmetries, the LEP experimental values are not
in complete agreement with the assumption of universality, since AFBτ is somewhat larger
than AFBe,µ . The very small SM value of the charged lepton vector coupling v
l
0 ≃ −0.036
implies that A0l ≃ vl/al is very sensitive to tiny effects of new physics affecting vl, as for
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Table 2: The 90% c.l. upper bound on the ordinary–exotic fermion mixing parameters.
The ‘single’ limits in the first column are obtained when the remaining mixing parameters
are set to zero. For the ‘joint’ bounds in the second column, cancellations among the effects
of all the different possible fermion mixings are allowed. The third column gives the ‘joint’
bound in the χ model, taking into account the possible cancellations among the effects of
all the ordinary–exotic mixing parameters present in E6 as well as of a Z0−Zχ mixing. All
the results presented correspond to the value Λ = 2 of the parameter describing the type
of new neutrinos involved in the mixing, with the fixed values mt = 170 GeV, mH = 250
GeV and αs = 0.12.
Single limit Joint limit χ model
(seL)
2 0.0018 0.0065
(seR)
2 0.0020 0.0020 0.0024
(sµL)
2 0.0017 0.0076
(sµR)
2 0.0034 0.0059 0.0045
(sτL)
2 0.0016 0.0058
(sτR)
2 0.0030 0.0055 0.0037
(suL)
2 0.0024 0.012
(suR)
2 0.0090 0.015
(sdL)
2 0.0023 0.013 0.0064
(sdR)
2 0.019 0.029
(ssL)
2 0.0036 0.0087 0.019
(ssR)
2 0.021 0.060
(scL)
2 0.0042 0.019
(scR)
2 0.010 0.17
(sbL)
2 0.0020 0.0025 0.0045
(sbR)
2 0.010 0.015
(sνeL )
2 0.0050 0.0066 0.0064
(s
νµ
L )
2 0.0018 0.0060 0.0046
(sντL )
2 0.0096 0.018 0.017
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example the shift δvl = [(slL)
2− (slR)2]/2 induced by a mixing of the leptons. An increase
in AFBτ could then result from a non-zero s
τ
R. However, since this fermion mixing would
modify simultaneously the axial coupling aτ by a similar amount, it is easy to check that
the constraints from Γτ do not allow the 50% increase required to explain the measured
AFBτ (in the presence of s
τ
R, δAτ/Aτ ≃ −2δΓτ/Γτ ). New physics effects could be able to
account for these deviations only if they affect mainly the τ vector coupling, while leaving
the axial-vector coupling close to its SM value. Regarding the measurement of ASLCLR , even
if one were to ignore the discrepancy with the LEP measurement of A0e, the same type of
argument would prevent the possibility of explaining the measured value by means of a
mixing of the electron.
Clearly the deviations in Γb and A
FB
τ cannot be explained either by introducing a
Z ′ boson of the type we have considered here, since these new gauge interactions are
universal and would affect all generations. However, some models involving a new gauge
boson coupling mainly to the third generation have been discussed in this context [19].
In conclusion, LEP provides a powerful tool for the indirect search of several types
of physics beyond the SM. Present observations do not hint to any of the new physics
effects that have been discussed here, thus allowing for a significant improvement of the
limits on the indirect effects induced by some of the new particles that appear in many
extensions of the SM.
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